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ABSTRACT

In verifying and evaluating the low-temperature performance of high-viscosity asphalt binders, this study sought to present
accurate standards to overcome the limitations of high-viscosity asphalt binders by improving the shortcomings of the
previously developed mathematical modeling power in the process of reaching the All the activities were performed by
advanced mathematical modeling approach and corresponding analyses. As an experimental effort, flexural beam test was
performed under various temperature (-15°C, -20°C, -25°C) The analysis of test was conducted by two type of data:
displacement vs. load, time vs. load, the flexural energy and the flexural stiffness. As a result of the test, various fracture
phenomena occur due to the nature of the low-temperature bending test. Many difficulties are likely to arise in predicting and
analyzing the low-temperature flexural beam test characteristics of high-viscosity asphalt binder using only test values.
Therefore, it is believed that there is a need to accurately identify the engineering characteristics of various high-viscosity
asphalt binders through mathematical modeling. To improve mathematical modeling, time-load prediction equations in the
form of log-exponential function and natural log-exponential function were developed and presented based on the
low-temperature bending test results.
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Table 1. Technical data of binder

. . Binder
Test item Unit Test method
B C D E
Performance grade - - 82-22 82-22 82-22 82-22 82-34
Rotational viscosity (135°C) P KSF2392 2367 1,925 2,467 2,908 5,700
2.51 2.67 2.65 5.06 1.98
Original G*/sin 6 o KS F 2393 (82°0) (82°C) (82°0) (82°C) (82°0)
a
2.89 3.08 2.67 5.37 6.27
RTF */si KSF2
0 G¥/sin @ SF2395 400y (82°0)  (82°0)  (82°C)  (82°C)
2,145 2,360 2,970 6,710 505
* oot s 9 ) 1)
G*-sin 6 KPa  KSF2393 o0y @00) @0 @rC) (@80
203 372 58.5 93.4 200
PAV iffn MPa  KSF2
Stiffhess, 5 (60'5) 2 SE290 o0y (12°0)  (12°0)  (-12°0)  (24°C)
0.42 3.90 0.35 0.37 031

m-value, m (60 s) - KS F 2390 (-12°C) (-12°C) (-12°C) (-12°C) (-24°C)
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Table 2. Specimen index (Cho et al., 2023).

Test Original
Manuf: I

anufacturer temperature(°C) PG grade ndex
-15 A-15(1)

PG 58-28
A 20 (AP-1) A-20(1)
-25 A-25(1)
-15 B-15(1)

PG 58-22
B -20 (AP-3) B-20(1)
25 B-25(1)
-15 C-15(1)

PG 64-22
C -20 (AP-5) C-20(1)
25 C-25(1)
-15 D-15(1)
D 20 PG 76-22 D-20(1)
-25 D-25(1)
-15 E-15(1)
E 20 PG 82-34 E-20(1)
-25 E-25(1)

Manufacture Test temperature Specimen No.

Fig. 4. Specimen index
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Table 3. Flexural Beam Test Results

. P d Omax Emax Flexural energy Flexural stiffhess
Specimen ™) (mm) (MPa) (mm) (MPa) (MPa)
A-15(1) 375.5 13.662 5.6 0.256 1.443 22.0
A-15(2) 349.4 13.643 52 0.256 1.341 20.5
A-15(3) 341.8 13.738 5.1 0.258 1.321 19.9
A-15(4) 329.5 13.699 49 0.257 1.270 19.2
A-15(5) 317.6 14.109 4.8 0.265 1.260 18.0
A-15(6) 286.3 13.683 43 0.257 1.102 16.7
A-20(1) 625.8 12.843 9.4 0.241 2.261 39.0
A-20(2) 634.8 11.363 9.5 0.213 2.029 447
A-20(3) 536.9 5.488 8.1 0.103 0.829 78.3
A-20(4) 606.5 12.966 9.1 0.243 2212 374
A-20(5) 491.8 3.867 7.4 0.073 0.535 101.7
A-20(6) 600.6 13.026 9.0 0.244 2.200 36.9
A-25(1) 650.0 3.476 9.8 0.065 0.636 149.6
A-25(2) 549.5 2.388 8.2 0.045 0.369 184.0
A-25(3) 786.1 12.857 11.8 0.241 2.842 48.9
A-25(4) 440.6 2.065 6.6 0.039 0.256 170.7
A-25(5) 557.9 4.207 8.4 0.079 0.660 106.1
A-25(6) 661.4 13.149 9.9 0.247 2.446 40.2
B-15(1) 4233 14.301 6.3 0.268 1.703 23.7
B-15(2) 415.8 14.204 6.2 0.266 1.661 23.4
B-15(3) 368.5 14.389 5.5 0.270 1.491 20.5
B-15(4) 348.8 14.380 5.2 0.270 1.411 194
B-15(5) 349.5 14.574 5.2 0.273 1.433 19.2
B-15(6) 328.2 14.581 49 0.273 1.346 18.0
B-20(1) 630.9 13.634 10.2 0.256 2.611 40.0
B-20(2) 286.5 1.414 43 0.027 0.114 162.1
B-20(3) 346.0 1.632 5.2 0.031 0.159 169.6
B-20(4) 3512 1.832 5.3 0.034 0.181 153.3
B-20(5) 3344 1.638 5.0 0.031 0.154 163.3
B-25(6) 319.3 1.596 4.8 0.030 0.143 160.1
B-25(1) 595.1 4.112 8.9 0.077 0.688 115.8
B-25(2) 399.2 1.557 6.0 0.029 0.175 205.1
B-25(3) 480.0 2.330 7.2 0.044 0.315 164.8
B-25(4) 790.4 12.990 11.9 0.244 2.888 48.7
B-25(5) 407.3 2.062 6.1 0.039 0.236 158.0
B-25(6) 272.4 1.027 4.1 0.019 0.079 212.2
C-15(1) 342.5 1.887 5.1 0.035 0.182 145.2
C-15(2) 708.4 13.891 10.6 0.260 2.768 40.8
C-15(3) 701.9 13.750 10.5 0.258 2.714 40.8
C-15(4) 310.1 1.794 47 0.034 0.156 138.3
C-15(5) 669.1 13.504 10.0 0.253 2.541 39.6
C-15(6) 575.7 14.452 8.6 0.271 2.340 31.9
C-20(1) 362.1 1.215 5.4 0.023 0.124 238.5
C-20(2) 346.4 1.059 52 0.020 0.103 261.6




Table 3. Flexural Beam Test Results (Continued)

Specimen P d O max Emax Flexural energy Flexural stiffness
™) (mm) (MPa) (mm) (MPa) (MPa)
C-20(3) 361.8 1.098 5.4 0.021 0.112 263.5
C-20(4) 341.4 1.130 5.1 0.021 0.109 241.6
C-20(5) 357.1 1.110 5.4 0.021 0.111 257.3
C-20(6) 368.4 1.181 5.5 0.022 0.122 249.6
C-25(1) 384.2 1.107 5.8 0.021 0.120 277.8
C-25(2) 344.2 0.844 52 0.016 0.082 326.3
C-25(3) 378.0 1.021 5.7 0.019 0.109 296.1
C-25(4) 357.6 1.195 5.4 0.022 0.120 239.4
C-25(5) 376.3 1.274 5.6 0.024 0.135 236.3
C-25(6) 354.4 1.261 5.3 0.024 0.126 224.8
D-15(1) 552.9 2.325 8.3 0.044 0.361 190.3
D-15(2) 640.2 2.907 9.6 0.055 0.523 176.2
D-15(3) 606.3 2.849 9.1 0.053 0.486 170.2
D-15(4) 609.8 2.530 9.1 0.047 0.434 192.9
D-15(5) 756.0 9.685 11.3 0.182 2.059 62.4
D-15(6) 7233 9.554 10.8 0.179 1.943 60.6
D-20(1) 572.0 1.591 8.6 0.030 0.256 287.6
D-20(2) 504.1 1.657 7.6 0.031 0.235 2433
D-20(3) 549.5 1.550 8.2 0.029 0.240 283.6
D-20(4) 453.7 1.228 6.8 0.023 0.157 295.5
D-20(5) 414.9 1.211 6.2 0.023 0.141 274.1
D-20(6) 495.5 1.055 7.4 0.020 0.147 375.7
D-25(1) 430.5 0.964 6.5 0.018 0.117 357.2
D-25(2) 520.5 1.138 7.8 0.021 0.167 366.0
D-25(3) 593.4 1.365 8.9 0.026 0.228 347.7
D-25(4) 485.6 1.056 7.3 0.020 0.144 367.7
D-25(5) 590.4 1.430 8.9 0.027 0.237 330.3
D-25(6) 495.5 1.055 7.4 0.020 0.147 375.7
E-15(1) 620.1 9.813 9.3 0.184 1.712 50.6
E-15(2) 652.9 9.674 9.8 0.181 1.776 54.0
E-15(3) 620.6 9.759 9.3 0.183 1.703 50.9
E-15(4) 561.8 9.616 8.4 0.180 1.519 46.7
E-15(5) 510.6 9.461 7.7 0.177 1.359 432
E-15(6) 5224 9.627 7.8 0.181 1.414 43.4
E-20(1) 253.0 0.954 3.8 0.018 0.068 212.1
E-20(2) 1047.0 7.356 15.7 0.138 2.166 113.9
E-20(3) 358.6 1.719 5.4 0.032 0.173 166.9
E-20(4) 1003.1 8.012 15.0 0.150 2.260 100.2
E-20(5) 460.0 1.986 6.9 0.037 0.257 185.3
E-20(6) 928.6 5.545 13.9 0.104 1.448 134.0
E-25(1) 814.1 4.455 12.2 0.084 1.020 146.2
E-25(2) 696.8 3.143 10.5 0.059 0.616 177.4
E-25(3) 620.8 2.941 9.3 0.055 0.514 168.9
E-25(4) 806.4 5.351 12.1 0.100 1.214 120.6
E-25(5) 271.6 1.291 4.1 0.024 0.099 168.2

E-25(6) 720.1 5.334 10.8 0.100 1.080 108.0
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Fig. 5. Load-displacement curve (A binder. -15°C)

Load- displacement curve at test temperature -25°C [A binder]
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Fig. 7. Load-displacement curve (A binder. -25°C)
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Fig. 6. Load-displacement curve (A binder. -20°C)

Load-Time curve at test temperature -15°C [A binder]
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Modeling Comparison of Experimental Results
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Fig. 1. Modeling Comparison of Experimental Results
Table 4. Modeling functions and programs (Cho et al., 2023)
Modeli Number of .
odeling Method umbero Function type Technology used
name parameter
Ml 3 Exponential function
(Kang’s, 2022) (A,B,0) logV=Ae® +C
4 Exponential function
CEALl »
VVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVV (A,B,C,.D) logY=A4 e« "™ +Cr+D
CEA2 3 Logarithmic function
7777777777777777777777777777777777777777777777777777777 Least square (A,B,0) logV=Axlog(Br+C)
fitting 3 Latural log function Solver mode,
CEA3
method (A,B,O) logY=A « In(Bz+ C) excel
(LSFM) 5 Exponential & Logarithmic function
CEA4 = - (Dr+B)
(AB.CDE) log V .AXIOg(B.L.“F C)+e
(Major mathematical model)
5 Exponential & Natural log function
EA = - (Dr+E)
CEAS (AB.CDE) log Y=AXIn(Br+C)+e

(Major mathematical model)

> CEA : Cho-Energy based Analysis
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Table 5. Verification of modeling results of A binder

. Error
Specimens Ml CEAI CEA2 CEA3 CEA4 CEAS
A-15(1) 2.826 1.051 5.056 5.056 0.185 0.176
A-15(2) 2.539 0.725 6.076 6.076 0.282 0.282
A-15(3) 2.747 0.862 4.675 4.675 0.195 0.195
15°C A-15(4) 2.841 0.870 4.700 4.700 0.242 0.234
A-15(5) 2.738 0.832 5.481 5.481 0.341 0.341
A-15(6) 2.864 1.116 4.120 4.120 0.197 0.195
X 2.759 0.909 5.018 5.018 0.240 0.237
o 0.119 0.146 0.687 0.687 0.061 0.063
A-20(1) 2.009 0.684 9.291 9.291 0.367 0.367
A-20(2) 1.791 0.689 7918 7918 0.300 0.297
PG58-28 A-20(3) 0.964 0.160 2.986 2.986 0.066 0.066
(AP-1) 20°C A-20(4) 1.812 0.534 9.767 9.767 0.381 0.381
+ A-20(5) 0.508 0.053 1.757 1.757 0.026 0.026
polymer A-20(6) 0.030 0.009 0.046 0.031 0.002 0.056
X 1.186 0.355 5.294 5.292 0.190 0.199
o 0.810 0316 4.201 4.205 0.177 0.167
A-25(1) 0.247 0.032 2.250 2.250 0.057 0.056
A-25(2) 0.113 0.013 1.016 1.016 0.014 0.015
A-25(3) 1.900 0.670 9.025 9.025 0.207 0.207
o A-25(4) 0.239 0.086 1.128 1.128 0.100 0.100
-25°C A-25(5) 0.792 0.118 1.996 1.996 0.038 0.038
A-25(6) 2.717 0.853 8.286 8.286 0.405 0.405
X 1.001 0.295 3.950 3.950 0.137 0.137
o 1.071 0.367 3.684 3.684 0.148 0.148
M1 OCEA1 8CEA2 oCEA3 SCEA4 #CEAS
" Quantitative Results(%) ex) = (1 - (CEA1 error + M1 error)) x 100
’ DR Y
8 Pkl - \\ ~ .
% e % o \ \\
7 ; ’ & \\ \
¢ ,/ , \\ \\
W ’,:/ 5-d56 \\ ‘\
4 77 1 '
4 \ \ 93.8%
3 ¢ “ 93.5% ‘\ improveme
2 "\ improveme \\ L L
1 Natural log “nt over M1 \\‘
1.051
0-
fngar function A Bidar P -
-15°C Specimens function function

Fig. 15.

Modeling Comparison of Experimental Results at -15°C (A Binder, Error)



1HE OIATE HIRIE 9| X245 HES 2l oot REY AT - 233

4.2 E

&
o
)
e
4>
il
rE
oflh
)
0
tr
z
0
e8|
2>
(9]
u!
i)
1o
Y,

(e}
ol
ol
=
_?L
BN
N,
2,
olr
ol
o,

H
Y
_O|L
R
5
N
_C)|L

oF 8] AH 0 2 F71ele] HThQA)sHEel ke ARE-sIETlo] TR M A BAtstAc
w5t e 1% A AR To] walel M1 Tt Hliste] HeFA0 2 013%, 91.4% 714 2 A €

2. M12H, CAE4RE, CAE 5229 R*g1] Hlil= o] = of|Z2jo] Shil el 45k "ElZho] vl wojlA]

= 0] A2A FE ok o] ehsiet vk, el 4o o] a8 thet 715 W v
i B Aol Aokt Bl 62 Errorgt 2 RG] BAGL HI S wallsle] 4a sk Zlo] elgelet
—T,—‘ _‘-_H— \_]:]_.

Tty

Angelo, J.D. (2011) “Current Status of Superpave Binder Specification, Taylor & Fancis”, Road Materials and
Pavement Design, 10, pp. 13-24.

Cai, J., Song, C., Zhou, B., Tian, Y., Li, R., Zhang, J. and Pei, J. (2019). “Investigation on High Viscosity Asphalt
Binder for Permeable Asphalt Concrete with Waste Materials, ELSEVIER”, Jorunal of Cleaner
Production, 228, pp. 40-51.

Cho, D.M,, Park, T.S. and Moon, K.H. (2023). “A study on the development of mathematical modeling forthe
Flexural characteristics according to the types of high-viscosity asphalt binder”, Journal of the Korean
Asphalt Institute, 13(1), pp. 63-78. d0i:10.22702/jkai.2023.13.1.7

Falchetto, A.C. and Moon, K.H. (2015). “Comparisons of Analytical and Approximate Interconversion Methods
for Thermal Stress Computation,” Canadian Science Publishing, Canadian Journal of Civil Engineering,
42(10), pp. 705-719.

Falchetto, A.C. and Moon, K.H. (2016). “Comparison of Thermal Stress Calculation: Hopkins and Hamming’s
Algorithm and Laplace Transformation Approach”, ASCE, Journal of Materials in Civil Engineering,
28(9), pp. 1-12.

Falchetto, A.C. and Moon, K.H. (2017). “Simple Approach to the Investigation of Asphalt Mixture Strength on



Small Beam Specimens at Low Temperature,” ASCE, Journal of Materials in Civil Engineering, 29(3), pp.
1-11.

Habbouche, J., Hajj, E.Y., Sebaaly, P.E. and Piratheepan, M. (2020). “A Critical Review of High Polymer Modified
Asphalt Binders and Mixtures, Taylor&Francis”, International Journal of Pavement Engineering, 21(6),
pp. 686-702.

Hu, M., Sun, G., Sun, D., Zhang, Y., Ma, J. and Lu, T. (2020). “Effect of Thermal Aging on High Viscosity
Modified Asphalt Binder: Rheological Property, Chemical Composition and Phase Morphology”,
ELSEVIER, Construction and Building Materials, 241, pp. 1-13.

Kang, 1. H. (2022). Evaluation of Low Temperature Performance of High Viscosity Asphalt Binder by Means of
Mathematical Modeling Approach, Seoul National University of Science & Technology Ph.D. thesis.

Kluttz, R., Willis, J.R., Molenaar, A., Scarpas, T. and Scholten, E. (2012). Fatigue Performance of Highly Modified
Asphalt Mixtures in Laboratory and Field Environment, Springer, 7th RILEM International Conference on
Cracking in Pavements, 4, pp. 687-696.

KS F 2491 (2017). Bending and bending test method for asphalt binder, Korea Agency for Technology and
Standards, Korea Industrial Standards Council. (in Korean)

Lu, X. and Isacsson, U. (1997). “Rheological Characterization of Styrene-Buta- diene-Styrene Copolymer
Modified Bitumens”, ELSEVIER, Construction and Building Materials, 11(1), pp. 23-32.

Mieczkowski, P., Bartosz, B., Mieczystaw, S., Jan, K. and Wojciech, S. (2021). “Experimental Study of Tensile
Properties of Styrene-Butadiene-Styrene Modified Asphalt Binders”, Materials, 14(7), p. 1734.

Moon, K.H. (2010). Comparison of Thermal Stresses Calculated from Asphalt Binder and Asphalt Mixture Creep
Compliance Data, Master’thesis, University of Minnesota, Minnesota, USA, pp. 1-103.

Moon, K.H., Marasteanu, M.O. and Turos, M. (2013). “Comparison of Thermal Stresses Calculated from Asphalt
Binder and Asphalt Mixture Creep Tests”, ASCE, Journal of Materials in Civil Engineering, 25(8), pp.
1059-1067.

Qu, L., Gao, Y., Yao, H., Cao, D., Pei, G., He, B., Duan, K. and Zhou, W. (2019). “Preparation and Performance
Analysis of High-Viscosity and Elastic Recovery Modified Asphalt Binder, Hindawi”, Advances in Civil
Engineering, 2019, pp. 1-16.

Scholten, E.J., Amsterdam, K.I.C., Timm, D.H., Willis, J.R., Kluttz, R.Q., Houston, K.I.C. and Vonk, W.C. (2011).
Accelerated Loading Test Results of Two NCAT Sections with Highly Modified Asphalt, Australian
Asphalt Pavement Association, 14th AAPA International Flexible Pavements Conference, Sydney, New
South Wales, Australia, pp. 1-17.

Shahin, M.Y. and McCullough, B.F. (1972). Report No.1-8-69-123; Prediction of Low-Temperature and
Thermal-Fatigue Cracking in Flexible Pavements, Texas Transportation Institute, pp. 1-240.

Singh, S.K., Kumar, Y. and Ravindranath, S.S. (2018). “Thermal Degradation of SBS in Bitumen during Storage:
Influence of Temperature, SBS Concentration, Polymer Type and Base Bitumen”, ELSEVIER, Polymer
Degradation and Stability, 147, pp. 64-75.

Timm, D.H., Robbins, M.M., Willis, J.R., Tran, N. and Taylor, A.J. (2012). NCAT Report 12-08; Field and
Laboratory Study of High Polymer Mixture at the NCAT Test Track-Interim Report, National Center for
Asphalt Technology at Auburn University, pp.1-107.

Yan, C., Huang, W., Zheng, M., Zhang, Y. and Lin, P. (2020). “Influence of Ageing on High Content Polymer



1HE OIATE HIRIE 9| X245 HES 2l oot REY AL - 235

Modified Asphalt Mixture Stripping, Cracking and Rutting Performances, Taylor & Francis,” Road
Materials and Pavement Design, 22(8), pp. 1824-1841.

BB (2013). BREERSIC BT 2K — 7 2T 27 7 F OBAMROMIE & RBOBFHI T 2517, L5k
3, JWEREAE, JWE5E, BN pp. 1-132. (in Japanese)

FAE), BTEH5L2 and AIREILER (2010). SREESEIOMAEMEVEDEEA ISR SEHTT(2), TAGHIEFR, FR22FE
B/ 0y .7 MFRIREZE, 9-3, pp. 1-21. (in Japanese)

PA BB, R B and 555% F0K (2007). SBS WEHT R 7 7 )V k DABUVREDFE L £ DEAIC DN T, BARTA
2 FRFEAHEE, 63(3), pp. 496-502. (in Japanese)

PAREE, (FECED, SIRE and FARAK (2004). SBSSRET X7 7 )V b OREUYRED /314 > 5B LNEEMOM
BEICE 2 28, BATARF R, TARFRHR TFHYE, 9, pp. 65-72. (in Japanese)

AARNE T X7 7V M (2020). R ) ~—KET X7 )V bR Ty M AR, BARET 27 7V s, ¥
> 7 A KRG pp. 4-99. (in Japanese)

BASRET 27 7 /v MpERR B2 (2006). SRET 27 7V F DR - EEIPIRDZTEICSWT, BARET
A7 VIR, RET A7 7V E, 27, pp. 38-42. (in Japanese)

BASE, HRE—, AMAEH, SIBEE (2002). SE T R 7 7V b OF 722 MEEMETFIE L IEEYIMEIROFERI I
DWW, BARTARFS, TARFEESTEIFERFE#ES, 5, pp. 89-90. (in Japanese)



